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This study of male reproductive health in the Czech Republic resulted from community concern
about potential adverse effects of air pollution. We compared young men (18 years of age) living
in Teplice, a highly industrialized district with seasonally elevated levels of air pollution, to those
from Prachatice, a rural district with relatively clean air. Surveys were scheduled for either late
winter, after the season of higher air pollution, or at the end of summer, when pollution was low.
Participation included a physical examination, donation of a semen sample, and completion of a
questionnaire on health, personal habits, and exposure to solvents and metals through work or
hobby. Analysis of data from 408 volunteers showed that the men from Teplice and Prachatice
were similar in physical characteristics, personal habits, and work- or hobby-related exposures.
Sixty-six percent (272) of these men donated a single semen sample for routine semen analysis,
computer-aided sperm motion analysis, and sperm chromatin structure assay. The mean (median)
sperm concentration and sperm count were 61.2 (44.0) million/mL semen and 113.3 (81.5) mil-
lion, respectively, and were not associated with district of residence or period of elevated air pollu-
tion. However, periods of elevated air pollution in Teplice were significantly associated with
decrements in other semen measures including proportionately fewer motile sperm, proportion-
ately fewer sperm with normal morphology or normal head shape, and proportionately more
sperm with abnormal chromatin. These results suggest that young men may experience alter-
ations in sperm quality after exposure to periods of elevated air pollution, without changes in
sperm numbers. Key words: air pollution, epidemiology, human, semen, sperm chromatin, sperm
count, sperm morphology, sperm motility. Environ Health Perspect 108:887-894 (2000).
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Air pollution in the Czech Republic increased
dramatically with the advent of industrializa-
tion in the 1950s, primarily the result of
increasing use of brown coal (with high sulfur
content) for both home heating and industry.
Sulfur dioxide emissions in Czechoslovakia
amounted to 0.9 million tons in the 1950s
and increased to 3.5 million tons by 1985 (1).
This increase was particularly pronounced in
the mountainous region of Northern
Bohemia, where coal comes from mammoth
open-pit mines and is used to heat homes and
generate power for local industry. During the
1980s, ambient SO, levels associated with
high levels of particulate matter (PM) in the
Teplice district of Northern Bohemia fre-
quently exceeded U.S. and Czech air pollu-
tion standards (2,3) in winter, when the use
of coal increases and thermal inversions favor
retention of the air pollution in the valley (4).

The Teplice Program, an international
research program, was initiated in 1991 in
response to concerns over potential health
effects of this pollution. This program spon-
sored cooperative research among the Czech
Institute of Hygiene, the Czech Ministry of
the Environment, and the U.S. Environ-
mental Protection Agency to compare health
status in Teplice district to that in Prachatice

district (5). We chose Prachatice because of
its relatively cleaner air. A critical component
of this program was the establishment of air
monitoring in both districts to measure
aerosol and gas-phase air pollutants [PM,
including volatile and semivolatile polycyclic
aromatic hydrocarbons (PAHSs) and toxic
metals] as well as SO,, nitrous oxides (NO,),
and carbon monoxide on an ongoing basis.
Monitoring confirmed that levels of these air
pollutants were considerably higher in
Teplice than in Prachatice, and were higher
in the winter than during the rest of the year
in both districts (5,6). The Teplice Program
includes studies of a number of health out-
comes, including respiratory and neurologic
effects in children, biomonitoring of muta-
gens in adults, and reproductive health in
pregnant women and young men (5).
Reproductive health studies were
prompted by reports that rates of conception
and incidence of congenital anomalies were
affected by seasonal increases in air pollution
(7). To examine the potential relationship
between the season of elevated air pollution
and male reproductive health, we surveyed
young (18-year-old) men and evaluated their
semen quality. Metabolites of the PAHs pre-
sent in this industrial air pollution can form
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protein or DNA adducts in body tissues (8)
and thus have the potential to damage germ
cell DNA. PAHs also reportedly alter male
reproductive function in test species (9,10),
providing additional rationale for this study.
Furthermore, metals such as lead and cadmi-
um that are present in the particulate fraction
of air pollution have been associated with
decrements in human semen quality (11).

Methods

This project was a collaborative effort
between Czech and U.S. scientists. The
study protocol was reviewed and approved
by the Institutional Review Board of the
Regional Institute of Hygiene of Central
Bohemia, Prague, Czech Republic.

Subject recruitment. All young men turn-
ing 18 in the two districts over the 6 months
before sampling were sent a letter from their
district Hygiene Station with an appointment
for a physical examination. Appointments
were scheduled within 1 week’s time in either
early fall (1993) or late winter (1993 and
1994) to allow comparisons between recent
exposures to periods of either high (winter) or
low (summer) pollution. When each man
presented for his physical examination, the
reproductive study was explained to him,
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including his right to decline to participate
and/or donate a semen sample, and written
informed consent was obtained from each
participant. No financial incentive was pro-
vided for participation. A pilot study was con-
ducted in fall 1992 to estimate participation
levels, establish field methods for the laborato-
ry measures, and field test the questionnaire.
Because methods for recruiting the partici-
pants in the pilot study differed from those
used in the main study, data from the pilot
study are not included in this report.
However, a preliminary summary report of
the study findings included the pilot data (5).

Questionnaire, physical examination,
and semen sampling. The Czech study team
traveled to the Teplice and Prachatice
District Institutes of Hygiene for each sam-
pling cycle (5 days) with the necessary sup-
plies and equipment. Data were collected by
questionnaire, physical examination, and
semen sampling. A structured questionnaire,
customized for use in the Czech Republic,
was given by two trained interviewers. The
purpose of the questionnaire was to obtain
information on health status; other exposures
such as metals, solvents, or pesticides encoun-
tered through hobbies or work (for those
men undertaking apprenticeships); lifestyle
data; and reproductive history including the
date of last semen emission. Questions on
other factors that could affect semen quality
(such as fever, medications, exposure to X
rays, cigarette use, consumption of alcohol
and caffeinated beverages, and use of briefs)
covered the previous 3 months. The physical
examination included a urogenital evaluation
and determination of testis volume based on
caliper measures of testis length and width.

A single semen sample was collected on
site by masturbation and sperm were video-
taped within 1 hr of collection for subse-
quent motility analysis. Routine semen
analysis included semen volume, sperm con-
centration [determined by hemocytometer
according to World Health Organization
guidelines; WHO (12)], total number of
sperm per sample, percentage of motile
sperm, percentage of sperm with normal
morphology (entire cell considered), and per-
centage with normal head morphology. For
the morphology assessment, we evaluated
300 sperm per sample from air-dried
Papanicolaou-stained preparations and classi-
fied as either normal or abnormal according
to strict criteria (12). The remaining semen
was aliquoted into small tubes or straws, snap
frozen on dry ice, and archived at —70°C.

Computer-aided sperm analysis (CASA).
Within 1 hr of collection, an aliquot of semen
was diluted at least 1:1 with Dulbecco’s
phosphate buffered saline to obtain a con-
centration suitable for CASA analysis (13),
loaded into a 20-micron-deep chamber
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(Microcell, Fertility Technologies, Inc.,
Natick, MA), placed on a stage warmer set
to 37°C, and videotaped (10x negative
phase contrast with green filter). Video
images were evaluated using a Hamilton-
Thorne Integrated visual optical system
(HTM-IVOS) semen analyzer (version 10.6;
Hamilton-Thorne Research, Inc., Beverly,
MA). We analyzed each field for 30 frames
at 60 frames/second with minimum track
length set at 20 points and examined enough
fields to obtain velocity measures on at least
100 motile sperm. For oligospermic samples
with < 100 motile sperm on the tape, mean
velocities are included only when = 25
motile sperm were analyzed. We visually
determined the percentage of motile sperm
from the videotapes after scoring at least 100
sperm per sample. Because of technical diffi-
culties, videotapes were unavailable for 10
men evaluated on 1 day in the Teplice (the
late winter 1993 group).

CASA outcomes include indicators of a)
sperm progression: straight-line velocity
(VSL), straightness (STR = VSL/VAP x 100,
where VAP is the average velocity along a
mathematically smoothed sperm path), and
linearity (LIN = VSL/VCL x 100, where
VCL is the curvilinear velocity); and b) vigor:
curvilinear velocity (VCL), amplitude of lat-
eral head displacement (ALH), and beat cross
frequency (BCF), as described in detail else-
where (14). Some of these outcomes have
been associated with fertility status (15-18)
and have been affected by occupational expo-
sures (19,20). We also calculated two com-
posite outcomes: the total number of motile
sperm per sample (sperm count x %motile)
and the total number of progressive sperm
per sample (total motile x an index of pro-
gressive motility defined as percent of motile
sperm with VSL 25 microns/second or
greater).

Sperm chromatin structure assay (SCSA).
Archived semen was shipped to South
Dakota State University (Brookings, SD) for
analysis using the SCSA, a measure of sperm
nuclear integrity (21-23). Briefly, thawed
and diluted semen was incubated for 30 sec
in acid (pH 1.2) to potentially denature
nuclear DNA, then immediately stained with
the metachromatic dye, acridine orange
(AO). AO intercalated into native double
stranded DNA fluoresces green; AO com-
plexed with single stranded DNA fluoresces
red. We used flow cytometry to detect green
(515-530 nm band pass filter) and red (630
nm long pass filter) fluorescence in 5,000
individual sperm per sample. The presence of
DNA denaturation in each cell was observed
as a shift from green to red fluorescence and
was quantitated by the expression “ay,”
defined as the ratio of red/(red + green) fluo-
rescence. We used the “cells outside the main

population” (COMP a;) variable, which rep-
resents the percentage of cells containing
denatured DNA. Normal sperm chromatin is
resistant to acid induced DNA denaturation
and fluoresces green. Increased red fluores-
cence indicates abnormal chromatin packag-
ing and/or DNA damage. High COMP a,
values have been associated with spermato-
genic disorders and infertility (21-28).

Air pollution data and exposure cate-
gories. Air pollution data were provided by I.
BeneSand R. Stevens from the air monitoring
program of the Teplice Project (5,6). These
data include particulate matter < 10 um in
aerodynamic diameter (PM1g) obtained using
the versatile air pollution sampler [VAPS
(5,6)], PM-total suspended particulates
(TSP), SO,, CO, and NO,. Because VAPS
data were incomplete for earlier phases of the
study, we present both VAPS and TSP data.
The correlation between TSP and PMy, was
very high (r = 0.96, p = < 0.01, n =171) for
those days where both were available. SO,
data (an indicator of coal-derived pollution)
were more complete than PM data. PMyq lev-
els were significantly correlated with SO, (r =
0.81, p< 0.01, n = 274), with NO, (r = 0.58,
p <0.01, n = 274), and CO (r = 0.49,
p<0.01, n=252).

The process of spermatogenesis involves
a series of complex steps (stem cell replica-
tion, meiosis, and spermiogenesis) over
approximately 74 days in humans (29,30).
Epididymal transit time [estimated at 3—-12
days (31)] and abstinence interval (controlled
in the analysis) can add several weeks to the
time before mature sperm are ejaculated.
Thus an exposure period of approximately 90
days is generally accepted as being of suffi-
cient duration for detecting effects on any
stage of spermatogeneis when using semen
measures as the biologic end points.
Therefore, for purposes of estimating and cat-
egorizing exposures relevant to seasonal
changes in air pollution, the air pollution data
for the 90-day period preceding sampling
were considered relevant. Examination of the
mean levels of pollutants (Table 1) shows that
they were uniformly low in the 90 days pre-
ceding the fall sampling periods in both dis-
tricts and in the late winter sampling period
in Prachatice in 1994, and somewhat higher
preceding the late winter sampling in
Prachatice in 1993. Because all mean values
were well below both U.S. (3) and Czech
standards (2), and individual values rarely, if
ever, exceeded air quality standards, we con-
sidered these to be periods of low air pollution
for the purposes of this study. In contrast, the
mean levels of air pollutants were consider-
ably higher in Teplice during the 90 days pre-
ceding the late winter samplings (Table 1),
with 1993 levels considerably higher than
1994 levels. Furthermore, individual daily
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values frequently exceeded air quality stan-
dards. For descriptive purposes, we therefore
considered winter 1993 in Teplice as a period
of high air pollution and the winter of 1994 in
Teplice as a period of medium air pollution.
Air pollution peaks were episodic; severe
episodes lasted a few days to a week (6). If
such an episode were to affect a particular cell
type in the testes, the time between exposure
and sampling would be important in detecting
that effect. Because the time between severe
episodes and sampling was different in the
winters of 1993 and 1994, the exposure/effect
relationship could also be different. Conse-
quently, a clear cut exposure—response rela-
tionship would not necessarily be expected.
Therefore, the high and medium exposure
periods were analyzed as dummy variables so
as not to impose a linear exposure—response
relationship. Furthermore, season of semen
collection has also been associated with sperm
concentration (32) and some measures of
sperm motility and morphology (33), and
needs to be considered when interpreting any
associations between periods of elevated air
pollution and semen outcomes.

Statistical analyses. We entered all data
into SAS (SAS Institute, Cary, NC) and cal-
culated summary statistics. Initially we used
the Wilcoxon and Kruskal-Wallis tests for
unadjusted comparisons between the two dis-
tricts and the three exposures. We conducted
multivariable regression in tiers: first, differ-
ences for each outcome were examined by dis-
trict, then by season, and finally by exposure
categories. In addition, season was considered
a potential confounder, because it is related to
exposure in these communities, for those out-
comes with a priori data suggesting an associa-
tion with season (32,33).

Outcome data were analyzed as continu-
ous variables after transformation as needed
to correct for nonnormal distribution: Log
(count, concentration, number of progres-
sive sperm, and SCSA COMPay); square
root [percent sperm with normal morpholo-
gy, percent sperm with morphologically nor-
mal heads, semen volume, and curvilinear
velocity (CASA)].

In all analyses we assessed risk factors
known or suspected to be associated with
poor semen quality (34) for inclusion in the
models. Factors considered included sexual
abstinence [< 2 days vs. longer (35,36)], high
fever (> 38°C) within the last 3 months,
wearing briefs vs. loose-fitting underwear,
alcohol consumption (0-25 mL ethanol/
week, 25-199 mL/week, or = 200
mL/week), cigarette smoking [none, < one
pack/day, or = 1 pack/day (37)], caffeine
consumption [< 1/2 coffee cup equivalents,
1/2-3 cups, or = 3 cup/day (38)], and hobby
or work with solvents (= 10 hr/week vs. less)
or with metals (= 10 hr/week vs. less). The

volume of ethanol was estimated based on
the self-reported numbers of servings of beer,
wine, or liquor consumed per week and the
serving size (which is regulated precisely in
the Czech Republic and determines the
amount of alcohol per drink). We consid-
ered other factors such as the use of medica-
tions or the presence of genital tract
conditions found by physical examination or
by questionnaire, but the number of men
affected was too small to be informative, and
all of the men presented semen within the

range of normal values as specified by the
WHO (12).

Results

Participation and description of the study
group. Sixty-one percent of those men who
were sent appointment notices came to the
study center for their physical examination
and completed the questionnaire portion of
the study (408 of 670). Reasons for missing
the appointment were not ascertained but are
unlikely to affect response to the request for

Table 1. Air pollution levels in the two communities for 90 days preceding collection of semen samples.

Location, Winter Summer Winter Standards
pollutant Characteristic 1993 1993 1994 U.S. Czech
Teplice
PMyo Average = SD 184.7£211.9 355£19.7 61.3£419 502 150¢
{g/m3 Median 125.3 285 46.0 1500
(VAPS) Range 10.6-832.0 13.6-95.6 8.0-183.5
No. days w/data 38 22 90
No. days > 150 (%days) 16 (42.1%) 0 (0%) 4 (4.4%)
PM-TSP Average = SD 195.2+241.0 415+17.2 -
Hg/m3 Median 86.2 37.0 -
Range 8-960 15-80 -
No. days w/ data 44 62 0
No. days > 150 (%days) 15 (34.1%) 0 -
S0, Average = SD 164.0 £ 161.0 306+14.9 79.8£39.9 802 150°
Hg/m3 Median 106.9 25.1 81.4 3657
Range 14.4-697.9 10.6-70.0 11.2-230.7
No. days w/ data 90 90 90
No. days > 150 (%days) 26 (28.9%) 0 (0%) 4 (4.4%)
NO, Average = SD 109.12+£72.06  42.1+20.1 77.6+40.9 1004 1000
Hg/m3 Median 83.9 38.6 70.3
Range 7.20-367.20 0-103.4 12.8-193.3
No. days w/ data 90 90 90
No. days > 100 (%days) 37 (41.1%) 1(1.1%) 24.(26.7%)
Co Average + SD 1.72+0.95 0.19¢ 2.76 £0.86 10¢ 14
mg/m? Median 1.60 0.19 2.66
Range 0.0-5.50 0-4.62
No. days w/ data 90 1 90
No. days > 10 (%days) 0(0%) 0 (0%) 0 (0%)
Prachatice
PMyo Average = SD 65.9£47.6 182+82 29.4£20.3 502 150¢
ug/md Median 49.8 14.6 23.0 1500
(VAPS) Range 75-174.3 6.8-31.2 3.1-106.5
No. days w/ data 25 13 86
No. days > 150 (%days) 1 (4%) 0(0%) 0 (0%)
PM-TSP Average + SD 455+30.9 241+9.2 2851134
Hg/m3 Median 32 21 24
Range 13-158 12-55 13-80
No. days w/ data 90 88 90
No. days > 150 (%days) 1(1.1%) 0 (0%) 0 (0%)
S0, Average  SD 4154353 6.1+3.2 174+12.6 802 150°
Hg/md Median 335 6 13 3652
Range 7-192 1-14 1-63
No. days w/ data 90 74 90
No. days > 150 (%days) 1(1.1%) 0 (0%) 0 (0%)
NOx Average £ SD 25.1+29.6 19.9+14.0 18.2+17.9 1002 1000
Hg/m3 Median 16 17 13
Range 0-140 3-70 0-87
No. days w/ data 90 88 90
No. days > 100 (%days) 5(5.6%) 0 (0%) 0 (0%)
co Average + SD 0.75+0.52 0.30+0.11 0.53+0.25 10€ 14
mg/m3 Median 0.6 0.27 0.49
Range 0.20-2.60 0.12-0.73 0-1.32
No. days w/ data 90 88 90
No. days > 10 (%days) 0 (0%) 0 (0%) 0(0%)

aAnnual arithmetic mean. 224-hr average (in the United States; not to be exceeded more than once a year) (3). °A limit is
not officially determined for PMy, in the Czech Republic, but 150 is generally accepted (2). “Only one sample was avail-

able. €8-hr average not to be exceeded more than once a year.
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semen samples because the appointment
notice did not specifically mention a reproduc-
tive health assessment. Of the men who com-
pleted the physical and questionnaire, 67%
(273) agreed to provide a semen sample. One
specimen container leaked, which left a total
of 272 semen samples available for analysis.

Based on physical examination and
questionnaire data, men from Teplice and
Prachatice were similar with respect to
descriptive factors (height, total testicular vol-
ume, age at first semen appearance, cigarette,
and alcohol and caffeine consumption) (Table
2). The only differences by district were that
on average, men in Prachatice weighed more
than men in Teplice and were more likely to
consume alcohol. None of the men were
judged to be sexually immature on the basis
of testis size or physical development. No dif-
ferences were observed in any of these factors
between those who were only interviewed and
those who provided semen samples (Table 2).
Table 3 shows other potential risk factors and
confounders examined for inclusion in the
regression models by exposure category. Of
these, differences in distribution were noted
for amount of alcohol and caffeine consumed
per day and for the number of men with > 10
hr/week exposure to solvents or metals
through work or hobbies. Several potential
risk factors were present in the medical histo-
ries of only a few men (mumps, one case;
injury to testes, one case; hydrocele, one case;
and varicocele, six cases in men from
Prachatice and two cases in men from
Teplice). These cases were reviewed individu-
ally and because each had semen measures
above the WHO reference values (39), none
were excluded from the database.

Semen quality. Semen volume and
sperm numbers. The mean (median) semen
volume for the entire group was 1.96 (1.80)
mL and did not differ by district (Table 4).
Two men were azospermic (0.5%) (one
from each district) but neither was sampled
after periods of medium or high pollution.

There was no a priori reason to exclude them
from the analysis; however, excluding them
did not alter the sample median (data not
shown). The mean (median) sperm concen-
tration for all sampled men was 61.2 (44.0)
million/mL semen (Table 4). The current
WHO reference value for sperm concentra-
tion is = 20 million/mL (39). In this group
of men, 21% had sperm concentrations < 20
million/mL (21% in Teplice and 22% in
Prachatice). No significant difference was
observed by exposure category (Table 5).

The duration of sexual abstinence in
these young men averaged 4.6 days (+ 4.4
days SD; range < 1-31 days), however, 18%
were abstinent for < 2 days. Secondary
analyses of abstinence data revealed that the
best model to correct for short abstinence for
this data set was < 2 days versus = 2 days
(40). After controlling for short abstinence,
no relationship was found between sperm
concentration or total sperm count and
exposure to periods of medium or high air
pollution (Table 6).

Sperm motility and motion. In all sam-
ples, the average (mean) percentage of motile
sperm was 33.6% (32.9%) and the mean for
Prachatice donors was slightly, but signifi-
cantly, higher than that for Teplice donors
(Table 4). These mean values fall below the
WHO reference value for percentage of
motile sperm which is > 50% (38). Percent
motile was also different by exposure catego-
ry (Table 5). After controlling for appropri-
ate lifestyle factors, the multivariable analysis
showed a significant relationship between
the percentage of motile sperm and a period
of medium, but not high, air pollution; this
relationship remained after control of con-
founding by season (Table 6). This decrease
in percent motile sperm translates into a
significant exposure-related association with
the total number of motile sperm per sample
and the total number of progressive sperm
(VSL = 25 pm/sec) for the medium exposure
group (Table 6). However, after control for

Table 2. Characteristics of 18-year-old males in the study (mean + SD).

All men interviewed

Semen donors

Teplice Prachatice Teplice Prachatice

Characteristic (n=215) (n=193) (n=154) (n=118)
Height (cm) 1776 +6.8 1787474 1779+6.8 1789+7.3
Weight (kg) 715+132 73.9+115* 71.0+£114 74.0 £11.4*
Total testicular volume (cm3) 44.0+19.4 44.6+19.7 432+16.7 4311172
Age semen appeared (years) 141+11 141+11 140+11 140+11
Smoker? (% yes) 37.7% 43.0% 40.9% 43.2%

Cigarettes/day 116+84 103+7.0 114+8.0 10.7+6.9
Drinker? (% yes) 70.2% 80.8%* 67.5% 78.8%*

Alcohol/week (mL) 102.1 £105.9 111.7+132.1 1094£1171 1345+ 156.2
Coffee equivalent/day? 13+13 13415 13413 14+14
Work/hobbies with solvents 15.8% 16.2% 14.9% 16.1%

> 10 hr/week? (% yes)
Work/hobbies with metals 13.0% 11.9% 14.9% 12.7%*

> 10 hr/wk? (% yes)

4Calculated as in Pastore and Savitz (38). *p < 0.05 by Wilcoxon or Chi Square test comparing Teplice to Prachatice; no
differences were found in the comparison of all men interviewed to semen donors.
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confounding by season, these associations
were no longer significant.

CASA measures the quality of motion of
the motile population of sperm. Although
data were generated for seven CASA parame-
ters for each sperm track, some of these mea-
sures were significantly correlated with each
other and therefore are not independent. For
example, VAP was highly correlated with
VSL (r = 0.94), STR was highly correlated
with LIN (r = 0.85), and three vigor terms
were highly correlated: ALH and BCF were
highly correlated with VCL (r = 0.89 and r =
0.31, respectively). We selected three mea-
sures that describe different aspects of sperm
motion: VSL (the absolute distance traveled
over time), a measure of progression, VCL
(the average point to point velocity), a mea-
sure of vigor, and LIN (VSL/VCL x 100), a
measure of swimming pattern, and considered
them individually. These measures are also
relatively independent of the type of CASA
instrument used; therefore, results for these
measures are more readily compared with
those in other studies.

There were no associations between dis-
trict of residence and any of these three mea-
sures (Tables 4 and 6). In contrast, there was a

Table 3. Distribution of factors (%) by exposure
category?in men with semen samples.

Low Medium High

Factor (n=162) (n=63) (n=47)
District*
Teplice 21.2 100.0 100.0
Prachatice 72.8 0.0 0.0
Smokes cigarettes
None 59.3 50.8 63.8
1-19/day 32.7 318 319
20+ /day 8.0 17.5 4.36
Drinks alcohol*
< 25 mL/day 333 47.6 48.9
25-199 mL/day 51.9 429 38.3
200+ mL/day 14.8 9.5 12.8
Caffeine™
None (< 0.5) 34.2 39.7 10.6
0.5-<3cups/day 55.9 444 74.5
3+ cup/day 9.9 15.9 14.9
Abstinence
2+ days 83.1 74.6 89.4
<2 days 16.9 25.4 10.6
Fever > 38°C
No 88.9 88.9 87.2
Yes 111 111 12.8
Wears briefs
No 19.9 14.3 174
Yes 80.1 85.7 82.6
Work/hobbies
with metals*
<10 hr/week 90.1 84.1 745
10+ hr/week 9.9 15.9 255
Work/hobbies
with solvents
< 10 hr/week 85.2 90.5 745
10+ hr/week 14.8 9.5 255

4 ow: Prachatice, all samples; Teplice, fall 1993; medium:
Teplice, winter 1994; high: Teplice, winter 1993 (see Table
1). bCalculated as in Pasture and Savitz (38). *p < 0.05 by
Mantel-Haenszel chi square.
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strong positive association between VSL and
LIN, but not VCL, and season (Table 6), sug-
gesting that sperm may swim faster and with
straighter paths in the winter. Mean VSL was
also higher in samples obtained after exposure
to the season of high pollution (winter 1993)
(Table 5), but the significance of this associa-
tion disappeared after control for confounding
by season (Table 6). Interestingly, VCL was
also higher in this group of samples (Table 5),
and this association remained significant
(though relatively weak) after control for con-
founding by season (Tables 5 and 6). This
apparent increase in sperm vigor (VCL), with-
out an increase in progression (VSL), resulted
in lower mean LIN (Table 5) and a significant
negative association between exposure and
LIN (Table 6), apparently because mean VCL
increased relatively more than mean VSL.
With increases in both VSL and VCL, the
decrease in LIN would not be considered a
sign of weakened-sperm motility. In the sam-
ples obtained after exposure to periods of

Table 4. Semen outcomes: summary and by district.

medium air pollution (winter 1994), mean
VSL was unchanged but mean VCL was
decreased (Table 5) compared to the reference
group (periods of low air pollution), resulting
in an apparently contradictory positive associa-
tion between exposure and LIN (Tables 5 and
6). These results may be biased by two factors
that reduced the sample size for CASA analy-
sis: @) 10 of 47 (31%) samples obtained in
winter 1993 could not be analyzed by CASA
because of technical problems; and b) samples
with fewer than 25 motile sperm tracks were
not included in the analyses because we did
not consider means based on < 25 sperm to be
representative of the sample. These samples
without CASA data were distributed across
exposure groups as follows: 21 of 160 or 13%
in the low-exposure group, 3 of 63 or 5% in
the medium-exposure group, and 6 of 47 or
13% in the high-exposure group.

Sperm structure. The mean (x SD) per-
centage of normal sperm for all samples was
17.8 + 8.0% (Table 4). The most recent

WHO guidance (39) does not specify a refer-
ence value for this measure because multicen-
ter population-based studies are underway to
derive one using standardized strict criteria (as
used in this study) for scoring each cell.
Nevertheless, the guidance notes that as
sperm morphology falls below 15% normal
forms (using strict criteria for scoring sperm as
normal), the fertilization rate in vitro decreas-
es. We observed significant negative relation-
ships between district of residence and/or
exposure to periods of medium or high air
pollution and the percent of sperm with over-
all normal morphology (considering head,
midpiece, and tail) as well as the percent with
normal head morphology (Tables 4-6). As
demonstrated in Tables 4 and 5, we observed
significant differences by district alone and by
air pollution category alone, but these
outcomes were unrelated to season. In the
multivariable regression analyses, both the
percentage of normal sperm and the percent-
age of normal sperm heads were significantly

Summary Prachatice Teplice
Outcome No. MeanzSD Median Range No. Mean+SD Median Range No. Mean+SD Median Range
Production of viable sperm
Semen volume (mL) 272 196+1.06 180 0.5-6.0 118 209+1.09 200 05-6.0 154 186+1.03 170 05-55
Concentration (millions/mL) 272 61.2+60.9 440 0-456 118  60.6+66.3 39.0 0-456 154 61.7+56.6 49.5 0-421
Total count (millions/sample) 272 1133+119.2 815 0-780 118 1193+137.0 79.0 0-780 154  108.6 +103.7 82.1 0-624
Percent motile* 256 336172 329 0-84 113 36.1+179 360 0-75 143 316+16.3 31.1 0-84
Total motile (in millions) 256 442+684 243 0-579.7 113 525+825 276 0-579.7 143 375%542 225  0-398.1
Total progressive 228 333+452 198  0.6-354.8 105 386+542 222 0.6-354.8 123 289+354 180 0.6-261.7
(in millions)?
Sperm structure
Percent normal morphology* 262 178180 16.7 1-53.5 111 19.3+8.6 177 1.0-535 151 16673 160 1.0-36.3
Percent morphologically 262 365+101 355 10.7-76.0 111 39.3+110 390 10.7-76.0 151 344+87 337 15.0-60.7
normal heads*
SCSA COMPa, 266 202+140 159  2.0-81.0 116 198+121 159 2.7-57.6 150  205+154 158 2.0-81.0
Quality of sperm motion—CASA?
VSL 228 443196 450 20.1-72.0 105  441:96 452 215-65.7 123 445:96 440 20.1-720
VCL 228 91.8+208 909 48.6-139.3 105 93.0+219 919 51.7-139.3 123 90.7+19.9 90.1 48.6-132.3
Linearity 228 48.6+80  49.0 28.0-69.0 105  48.0%85 48.0 31.0-68.0 123 492+75 490 28.0-69.0

aTotal progressive = Total motile x percent sperm with VSL > 25 um/sec. 2Only for samples with at least 25 sperm tracks; VSL and VCL are in um/sec. *Different by district, p < 0.05 by

Wilcoxon test.

Table 5. Semen outcomes by exposure.

Low Medium High
Outcome No. Mean+SD Median Range No. Mean+SD Median Range No. Mean +SD Median Range
Production of viable sperm
Semen volume™* (mL) 162 2.00+£1.07 190 05-6.0 63 1.65%0.77 16 0540 47T 224+128 20 05-55
Concentration (millions/mL) 162  59.9+643 395 0-456 63 654+616 560 0.1-421 47 60.1+46.7 420 6-210
Total count (millions/sample) 162 1135+130.7 699  0.0-780 63 1009+976 826 0.1-560 47 129.1+103.1 106.4 4.5-383
Percent motile* 156 36.2+17.1 352 0-76 63 2791181 250 0-84 37 325+132 338 0-51
Total motile (in millions) 156 50.6+79.6 250 0-580 63 29.8+46.6 18.0 0-337 37 416+404 332 0-161
Total progressive 139 36.6+£505 203 0.6-354.8 58 235+363 172 0.6-61.7 31 372+314 287 26-1185
(in millions)*ab
Sperm structure
Percent normal 154 19.8+85 183  1.0-535 62 159+55 147  3.0-273 46 13.2%6.5 135 1.0-285
morphology*
Percent morphologically 154  39.3+109 39.0 10.7-76.0 62 303+65 294 16.7-45.7 46 352168 350 23.5-48.0
normal heads*
SCSA COMPa * 158 19.2+122 156 2.7-67.1 61 16.2+93 145  2.0-45.6 47  288+204 257 29-810
Quality of sperm motion—CASA?
VSL* 139 433+100 441 215662 58 44695 438 20.1-72.0 31 48374 50.4 27.9-59.9
VCL* 139 914+217 901 51.7-139.3 58 84.2+176 79.8 48.6-129.0 31 107.8+12.1 105.2 87.6-131.6
Linearity* 139 476+82 480 28.0-68.0 58 53.2+65 53.0 39.0-69.0 31 447+56 450 32.0-57.0

aTotal progressive = Total motile x percent sperm with VSL > 25 um/sec. “Only for samples with at least 25 sperm tracks; VSL and VCL are in um/sec. *Different by Kruskal-Wallis test, p < 0.05.
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lower in men exposed to periods of medium
or high pollution (Table 6). These differences
remained after control of confounding by sea-
son. The decrement in percent normal sperm
shows an increasing exposure—response rela-
tionship. However, the percent of normal
sperm heads, albeit significantly decreased for
both exposed periods, did not show an
increasing exposure—response pattern, sug-
gesting that alterations of sperm head shape
may be a significant component of the sperm
morphology effect but do not account for all
of it.

Analysis of the SCSA data focused on the
COMPa; variable, the percent of sperm with
abnormal chromatin (i.e., demonstrating
increased susceptibility to DNA denaturation
in situ). COMPa, was significantly higher in
samples obtained after the period of high, but
not medium, air pollution (Table 5) and this
association remained significant in the
multivariable analysis (Table 6). A longitudi-
nal study with monthly semen samples for 45
men for a total of 8 sequential months
suggests that SCSA measures do not vary by
season (25); therefore, the analysis for
COMPaq; did not include control for poten-
tial confounding by season.

Discussion

This study was undertaken to obtain a prelim-
inary characterization of reproductive health in

18-year-old men who live in either of two
districts in the Czech Republic. It was initiated
because of community concern that living in
the Teplice district, an area with periods of
elevated air pollution during the winter (com-
pared with the Prachatice district, an area with
considerably lower air pollution), may be asso-
ciated with increased abnormal reproductive
health and/or poor semen quality. The data
obtained are unusual in that all the men were
young and of the same age when sampled. In
addition, during these young men’s lifetimes,
movement between communities was uncom-
mon. These demographics are advantageous
when looking for effects related to environ-
mental exposures because the young men in
this study group would have had similar life-
time exposures to environmental pollution
and would be less likely than older men to
have experienced significant occupational
exposures to reproductive toxicants. Further-
more, changes in semen quality known or
suspected to occur with advancing age are not
an issue in this study group. On the other
hand, few comparison databases on semen
quality exist for men of this age and they were
100 young to evaluate their fertility.

Data obtained from the physical exami-
nation and questionnaire indicated that the
young men living in Teplice were similar to
those living in Prachatice with respect to
physical characteristics, lifestyle, and general

Table 6. Results of adjusted regression analyses, beta (95% Cl).2

health. The physical examination revealed
no evidence of delayed puberty; all men were
sexually mature based on secondary sex char-
acteristics. Furthermore, there were no dif-
ferences by district in testicular volume or
self-reported age at first semen appearance.

We categorized exposure in this study
based on mean levels of pollutants moni-
tored during the 90 days preceding the sam-
ple collection. Monitoring methods have
been described in detail elsewhere (6) along
with more detailed analyses of source
(industry vs. home heating) and compo-
nents (specific PAHs and metals). These
efforts documented that periods of elevated
air pollution occurred in Teplice in the win-
ters of 1993 and 1994, with conditions
being worse in 1993. Analysis of representa-
tive samples of particulate matter for metal
content indicated that ambient lead and cad-
mium levels were well below the existing
standards for these metals. However, because
internal measures of metal exposure were not
available in the study participants and expo-
sure to these metals has been associated with
adverse effects on semen quality (11), a
potential association between metals in the
air pollution and adverse semen outcomes
cannot be ruled out. However, the specific
component(s) of the air pollution that may
account for any adverse effects observed in
this study were not identified.

Preliminary analyses

Final analyses

Teplice versus

Measure Prachatice

Medium vs. low

High vs. low

Season Adjusted?

With season

Adjusted? With season

Production of viable sperm

Semen volume (mL) —0.07 (-0.16-0.02)

0.04 (-0.06-0.14) -0.11 (-0.22-0.00)

-0.16 (-0.29—0.03)

0.06 (-0.06-0.18)  0.01 (~0.12-0.15)

Adjusted? A
Concentration (millions/mL) ~ 0.08 (-0.03-0.18)
Adjusted? A
Total count (millions/sample) 0.04 (-0.08-0.16)
Adjusted? AH
Percent motile —3.82(-7.94-0.29)
Adjusted? B,H,S
Total motile (in millions) —0.07 (-0.20-0.06)
Adjusted? A H
Total progressive®¢ —0.04 (-0.17-0.08)
(in millions)
Adjusted? AH,S

Sperm structure

Percent normal morphology

Adjusted?

Percent morphologically

normal heads

~0.35 (~0.59—0.11)*

~0.38 (~0.58—0.18)*

Adjusted? —
SCSA COMPa, —0.02 (~0.09-0.05)
Adjusted? Smk

Quality of sperm motion—CASA®¢

VSL 0.32 (—2.12-2.76)
Adjusted? C,S

VCL —0.01 (-0.03-0.02)
Adjusted? B, C, S, Smk

LIN 1.03 (-1.04-3.10)
Adjusted? M

A A A A A
0.01 (-0.10-0.12) 0.08 (~0.05-0.20) 0.10 (-0.05-0.25) 0.05(-0.09-0.19)  0.07 (~0.08-0.23)
A A A A A
0.04 (~0.08-0.16) 002(-0.125-017)  -0.003(-0.17-0.16)  0.1(-0.05-0.27)  0.09 (-0.09-0.26)
AH AC AC AC AC
-362(-8.01-0.77) —8.12(-12.95—3.30)* -—B.03(-1357—249)* -3.02(-8.99-295)  —2.93 (-9.49-3.64)
B,H,S B, H, S, Smk B, H, S, Smk B, H, S, Smk B, H, S, Smk
-0.09 (-0.22-0.05)  —0.16(-0.32—001)*  -014(-0.32-0.03)  —0.02(-0.21-0.16)  —0.01 (-0.21-0.20)
AH AH AH AH AH

-0.11 (-0.24-0.02)
AH,S
~0.21 (-0.47-0.04)
~0.17 (-0.39-0.05)

0.04 (~0.03-0.12)
Smk

5.80 (3.19-8.40)*
CS

0.20 (-0.11-0.50)
CS

5.46 (3.20-7.64)*

~0.15 (-0.30——0.01)*
AH
~0.42 (~0.69—0.14)*

~0.73 (-0.96——0.50)*

—0.14 (~0.34-0.06)
Smk

0.88 (~2.00-3.75)
C, Smk
~0.04 (~0.06——0.01)*
B, C, S, Smk
5.60 (3.25-7.95)*
A M

~0.11 (-0.27-0.05)
AH
~0.54 (~0.86—0.22)*

—0.87 (-1.13——0.60)*
NA?

-2.10 (-5.24-1.03)
C, Smk
~0.05 (~0.08—0.01)*
B,C, S, Smk
3.28 (0.73-5.83)*
A M

0.03 (-0.14-0.21)
AH
~0.84 (~1.15——0.53)*

~0.30 (~0.56—0.04)*

0.30 (0.08-0.52)*
Smk

4.21 (0.56-7.86)*
C, Smk
0.07 (0.03-0.11)*
B,C, S, Smk
~3.67 (~6.61—0.74)*
A M

0.07 (-0.12-0.27)
AH
~0.96 (~1.31——0.62)*

—0.44 (-0.73—0.14)*
NA?

1.38 (~2.42-5.17)
C, Smk
0.06 (0.02-0.10)
B,C, S, Smk
5,88 (~8.93—2.82)*
A M

Abbreviations: A, abstinence; B, wearing briefs; C, caffeine; H, high fever; M, work/hobbies with metals; S, work/hobbies with solvents; Smk, packs of cigarettes.

aFactors considered for adjustment include those listed in Table 3. “Total progressive = Total motile x percent sperm with VSL > 25 pm/sec. Only for samples with at least 25 sperm
tracks; VSL and VCL are in um/sec. 9Not applicable; because SCSA was not associated with season in a longitudinal study (25), this outcome was not tested for potential confounding by

season. *p < 0.05.
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Although air measurements were made
in one central location in each community,
each individual’s precise exposure to any
component of the air pollution during the
time period would be expected to depend on
his location within the community, his activ-
ity patterns, and the weather conditions.
The magnitude of exposure in the different
sampling periods varied widely and was used
to define periods of high, medium, or low
air pollution for the purpose of analysis. If
the important exposures are the peak levels,
error may be introduced given the timing of
these peaks within the 90-day period. Both
the number of peaks and the time between
the peaks and semen sampling varied
between the two winters in Teplice. Because
the ability to detect an effect of an acute
exposure on a susceptible germ cell stage
depends on the time the semen is sampled,
such effects can be missed in a study such as
this one, with only one sampling time. Also,
an effect detected on a particular semen
measure might be stronger one winter than
the other, based on differences in the dura-
tion of the pollution episodes and the time
between exposure and sampling. Thus, strict
exposure—response relationships might not
be expected. With these problems inherent
in the study design, we considered each win-
ter exposure period separately when making
comparisons with the samples obtained after
periods of relatively low exposures.

Sperm concentrations and total sperm
counts in these men, although not significant-
ly associated with district, season, or exposure
to periods of elevated air pollution, were at
the low end of the ranges reported for popula-
tions of men worldwide (41). With respect to
reference values for these measures provided
by the WHO (39), 54% of these samples fell
below 2.0 mL for semen volume, 21% fell
below 20 million/mL for sperm concentra-
tion, and 28% fell below 40 million
sperm/sample for total sperm count. Short
abstinence intervals in young men could
account for these observations. However,
even after omitting samples from men report-
ing < 2 days sexual abstinence, the respective
percentages are still relatively high: 51%
below 2.0 mL, 19% below 20 million
sperm/mL, and 21% below 40 million
sperm/sample. This sperm concentration
statistic is similar to that reported recently
for a cohort of men in the United States
consisting of partners of women presenting
for infertility evaluation: 18% of the men
had sperm concentrations < 20 million/mL
(42). However, the mean sperm concentra-
tion of the Czech men (61.2 million/mL)
was lower than that determined for this
group of American men (94.4 million/mL)
(42). Nevertheless, the median sperm con-
centration for the Czech men in this study

(44.0 million/mL) is comparable to that
recently reported for a cohort of unselected
young Danish men [41.0 million/mL
(43,44)], and both cohorts have lower medi-
an sperm concentrations when compared to
a cohort of Finnish men without proven fer-
tility [126.8 million/mL (41)]. These reports
strengthen the evidence for geographic (pos-
sibly genetic) differences in sperm concentra-
tions in Europe, as have been reported in the
United States (45).

Exposure to environmental pollution may
contribute to a perceived decline in sperm
counts world wide (41-47). One recent
report showed progressive declines in sperm
production in Greece during a time period
when air pollution increased (48). However,
our results do not support a relationship
between either district of residence or expo-
sure to periods of elevated air pollution and
decreased sperm production (concentration or
sperm per sample) in the Czech Republic.

Evidence from laboratory and wildlife
populations indicates that exposure to
endocrine-disrupting chemicals during fetal
or neonatal development may alter sexual dif-
ferentiation, sperm production, and/or epi-
didymal storage capability in adulthood
(reviewed elsewhere by Toppari et al. (41)
and Kavlock et al. (49). Air pollution since
1975-1996, when these men were born, has
followed the same patterns by district and sea-
son observed during the years under study.
Therefore, sperm counts might also differ by
district if potential endocrine disruptors were
present in the air pollution (49). Although
our sample size is limited for detecting such
effects, we found no evidence to support this
hypothesis. However, this study does not
address the possibility that other types of pol-
lution present in the environment, or lifestyle
factors such as consumption of alcohol and
cigarettes from a relatively young age, might
impact in general upon sperm production
potential in young Czech men.

Nevertheless, when sampled at the end of
winter after periods of elevated air pollution,
men from Teplice showed evidence of lower
sperm motility (1994 samples) and poorer
morphology (both years) when compared
with men sampled after periods of lower air
pollution (Teplice in the fall and Prachatice
the late winter or fall). These observations
provide preliminary evidence that periods of
elevated air pollution may be associated with
decrements in sperm quality. While fertility
data for this group of young men are not
available, low values for sperm motility and
normal morphology have been associated
with infertility (50-53).

Decreases in the percentage of motile
sperm (a measure of sperm viability) were
observed in the men sampled late winter
1994 but not late winter 1993 despite the fact
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that levels of air pollutants were higher in
1993. The apparent lack of an exposure—
response relationship for this measure could
be due to differences in the dynamics of the
exposure or, alternatively, to other factors not
assessed in this study. Additional studies in
which men are sampled at various times
between exposure and sampling could further
examine this association.

We used CASA to evaluate the quality of
sperm motion, and these results, albeit some-
what difficult to interpret, did not demon-
strate any consistent negative associations
between the quality of sperm motion and
periods of high air pollution. However, posi-
tive associations were observed between VSL
and LIN and season (winter). CASA has not
been applied widely in field studies, in part
because the logistics of recording the sample
promptly (to avoid degradation of sperm
motility over time) and controlling the tem-
perature precisely (13) are challenging in the
field setting. Despite careful attention to
these details, the recording equipment failed
on 1 study day, and CASA data for 10 sam-
ples were unfortunately lost. Furthermore,
the difficulty of recording a sufficient num-
ber of motile sperm in samples with very low
percentages of motile sperm is widely recog-
nized (13). The extent to which missing
CASA data could have biased the results is
difficult to determine. Nevertheless, based on
the data available in this study, the quality of
sperm motion did not appear to be negative-
ly impacted in any consistent manner after
periods of elevated air pollution. Limited
information is available suggesting seasonal
variations in sperm velocity measures (33)
and this topic merits further study.

We found highly significant associations
between exposure to periods of medium
(1994) and high (1993) air pollution and
poor sperm morphology in this study. For
both sperm morphology and sperm head
morphology, no association was observed
with season alone, and the negative associa-
tions with periods of pollution in both years
remained strong after controlling for poten-
tial confounding by season. This finding may
be important for public health because in
clinical studies, sperm morphology is a rela-
tively good predictor of fertility status (53).

The SCSA was included in this study to
provide a measure of the genetic integrity of
sperm. Periods of high air pollution encoun-
tered in winter 1993 were associated with
increased percent sperm with abnormal chro-
matin structure (COMPay). High COMPa;
(> 30) has been associated with infertility and
spontaneous abortion (24) in clinical studies,
but this measure has only recently been
applied to epidemiology studies. One such
study found an association between exposure
to cigarette smoke (which, like air pollution,
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also contains genotoxic PAHSs) and elevated
COMPaq; (54). It may be relevant, therefore,
that smoking was retained in the COMPa;
model in this report. In this regard, it is note-
worthy that another measure of genetic
integrity, namely sperm aneuploidy, was sig-
nificantly elevated in a subset of the same
Czech men exposed to periods of high air
pollution (nonsmokers from the Teplice win-
ter 1993 group) compared to men exposed to
periods of low air pollution (nonsmokers
from the Teplice summer 1993 group) (54).
Interestingly, a subset of active smokers (1
pack/day, selected from the Teplice winter
1994 group) also exhibited sperm with ele-
vated levels of aneuploidy compared to non-
smokers in the same group (56). Taken
together, these intriguing observations sug-
gest further consideration of the potential
impact of air pollution and/or smoking on
the genetic integrity of human sperm.

10.

11.

12.

13.

REFERENCES AND NOTES

Bencko V. Ambient air pollution in Czechoslovakia. In: Air
Pollution in Central and Eastern Europe: Health and
Public Policy (Levy BS, ed). Boston, MA:Management
Sciences for Health, 1991;10-18.

Czech Republic. Collection of Laws: Zakon o ovzdusi No.
309/1991. Prague, Czech Republic, 9 July 1991.

U.S. Environmental Protection Agency. Code of Federal
Regulations, Subchapter C—Air Programs, Part 50,
National Primary and Secondary Ambient Air Quality
Standards. 40CFR§50.4, 1 July 1995.

Moldan B, Schnoor JL. Czechoslovakia: examining a criti-
cally ill environment. Environ Sci Technol 26:14-21 (1992).
Sram RJ, Benes |, Binkova B, Dejmek J, Horstman D,
KotéSovec F, Otto D, Perreault SD, Rube$ J, Selevan SG,
et al. Teplice Program—the impact of air pollution on
human health. Environ Health Perspect 104(suppl
4):699-714 (1996).

Pinto JP, Stevens RK, Willis RD, Kellogg R, Mamane Y,
Novak J, Santroch J, Bene$ |, Lenicek J, Bures V. Czech
air quality monitoring and receptor modeling study.
Environ Sci Technol 32:843-854 (1998).

Lewtas J. Biomarkers of exposure and dose: case study
of complex air pollution exposures in the Czech
Republic. In: Mixed Environmental Hazards and Health
(Kirk E, ed). Washington, DC:American Association for
the Advancement of Science, 2000;33-46.

&ram RJ, Roznigkova I, Albrecht V, Berankova A,
Machovskéa E. Monitoring congenital anomalies in popu-
lations exposed to environmental mutagens.
In: Mechanisms of Environmental Mutagenesis—
Carcinogenesis (Kappa A, ed). New York:Plenum Press,
225-236 (1990).

MacKenzie KM, Angevine DM. Infertility in mice exposed
in utero to benzo(a)pyrene. Biol Reprod 24:183-191 (1981).
Ford E, Huggins C. Selective destruction in testis induced
by 7,12-dimethylbenz(a)-anthracene. J Expl Med 118:27-40
(1963).

TeliSman S, Cvitkovic¢ P, Jurasovi¢ J, Pizent A, Gavella
M, Roci¢ B. Semen quality and reproductive endocrine
function in relation to biomarkers of lead, cadmium,
zinc, and copper in men. Environ Health Perspect
108:45-53 (2000).

World Health Organization. WHO Laboratory Manual for
the examination of human semen and semen-cervical
mucus interactions, 3rd ed. Cambridge, UK:Cambridge
University Press, 1992.

Schrader SM, Chapin RE, Clegg ED, Davis RO, Fourcroy
JL, Katz DF, Rothmann SA, Toth G, Turner TW, Zinaman
M. Laboratory methods for assessing human semen in

894

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

34,

epidemiologic studies: a consensus report. Reprod
Toxicol 6:275-295 (1992).

Boyers SP, Davis RO, Katz DF. Automated semen analy-
sis. Curr Probl Obstet Gynecol Fertil 12:167-200 (1989).
Vantman D, Banks SM, Koukoulis G, Dennison L, Sherins
RJ. Assessment of sperm motion characteristics from fer-
tile and infertile men using a fully automated computer-
assisted semen analyzer. Fertil Steril 51:156-161 (1989).
Marshburn PB, Mclintire D, Carr BR, Byrd W. Spermatozoal
characteristics from fresh and frozen donor semen and
their correlation with fertility outcome after intrauterine
insemination. Fertil Steril 58(1):179-186 (1992).

Barratt CL, Tomlinson MJ, Cooke ID. Prognostic signifi-
cance of computerized motility analysis for in vivo fertili-
ty. Fertil Steril 60(3):520-525 (1993).

Boyle CA, Khoury MJ, Katz DF, Annest JL, Kresnow MJ,
DeStefano F, Schrader SM. The relation of computer-
based measures of sperm morphology and motility to
male infertility. Epidemiology 3(3):239-246 (1992).
Schrader SM, Turner TW, Ratcliffe JM. The effects of eth-
ylene dibromide on semen quality: a comparison of short-
term and chronic exposure. Reprod Toxicol 2:191-198
(1988).

Eskenazi B, Wyrobek AJ, Fenster L, Katz DF, Sadler M,
Lee J, Hudes M, Rempel DM. A study of the effect of per-
chloroethylene exposure on semen quality in dry clean-
ing workers. Am J Ind Med 20(5):575-591 (1991).

Evenson DP, Darzynkiewicz Z, Melamed MR. Relation of
mammalian sperm chromatin heterogeneity to fertility.
Science 240:1131-1133 (1980).

Evenson DP, Jost LK. Sperm chromatin structure assay:
DNA denaturability. In: Methods in Cell Biology, Vol 42:
Flow Cytometry (Darzynkiewicz Z, Robinson JP, Crissman
HA, eds). Orlando, FL:Academic Press, Inc., 1994;159-176.
Evenson DP, Jost LK. Sperm chromatin structure assay
for fertility assessment. In: Current Protocols in
Cytometry, Vol 1 (Robinson P, ed). New York:John Wiley
& Sons, Inc., 2000;7.13.1-7.13.26.

Evenson DP, Jost LK, Zinaman MJ, Clegg E, Purvis K, de
Angelis P, Clausen OP. Utility of the sperm chromatin
structure assay (SCSA) as a diagnostic and prognostic
tool in the human fertility clinic. Hum Reprod
14(4):1039-1049 (1999).

Evenson DP, Jost LK, Baer RK, Turner TW, Schrader SM.
Individuality of DNA denaturation patterns in human
sperm as measured by the sperm chromatin structure
assay. Reprod Toxicol 5:115-125 (1991).

Evenson DP, Jost LK, Baer RK. Effects of methyl methane-
sulfonate on mouse sperm chromatin structure and testic-
ular cell kinetics. Environ Mol Mutagen 21(2):144-153
(1993).

Evenson DP. Alterations and damage of sperm chro-
matin structure and early embryonic failure. In: Towards
Reproductive Certainty: Fertility and Genetics Beyond
1999 (Jannsen R, Mortimer D, eds). New York:Parthenon
Publishing Group Ltd/London, 1999;313-329.

Sailer BL, Jost LK, Erickson KR, Tajiran MA, Evenson DP.
Effects of X-ray irradiation on mouse testicular cells and
sperm chromatin structure. Environ Mol Mutagen
25:23-30 (1995).

Heller CG, Clermont Y. Kinetics of the germinal epitheli-
um in man. Recent Prog Horm Res 20:545-575 (1964).
Clermont Y. The cycle of the seminiferous epithelium in
man. Am J Anat 112:35-51 (1963).

Johnson L, Varner DD. Effect of daily spermatozoan pro-
duction but not age on transit time of spermatozoa through
the human epididymis. Biol Reprod 39:812-817 (1988).
Levine RJ. Male factors contributing to the seasonality of
human reproduction. In: Human Reproductive Ecology,
Interactions of Environment, Fertility, and Behavior, Vol
709 (Campbell KL, Wood JW, eds). New York:New York
Academy of Sciences, 1994;29-45.

Centola G, Eberly S. Seasonal variations and age-related
changes in human sperm count, motility, motion parame-
ters, morphology, and white blood cell concentration.
Fertil Steril 72:803-808 (1999).

Wyrobek AJ, Schrader SM, Perreault SD, Fenster L,
Huszar G, Katz DF, Osorio AM, Sublet V, Evenson D.
Guidelines for field studies of male reproductive disor-
ders. Reprod Toxicol 11:243-259 (1997).

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49,

50.

51

52.

53.

54.

55.

56.

Bonde JPE. The risk of male subfecundity attributable to
welding of metals. Intern J Androl 16(suppl 1):1-29 (1993).
Schwartz D, Laplanche A, Jouannet P, David G. Within-
subject variability of human semen in regard to sperm
count, volume, total number of spermatozoa and length
of abstinence. J Reprod Fertil 57:391-395 (1979).

Vine MF, Margolin BH, Morrison HI, Hulka BS. Cigarette
smoking and sperm density: a meta analysis. Fertil Steril
61:35-43 (1994).

Pastore LM, Savitz DA. Case-control study of caffeinated
beverages and preterm delivery. Am J Epidemiol
141(1):61-69 (1995).

World Health Organization. WHO Laboratory Manual for
the examination of human semen and semen-cervical
mucus interaction, 4th ed. Cambridge, UK:Cambridge
University Press, 1999;60-61.

Perreault SD, Rubes J, Selevan SG. Controlling for vary-
ing abstinence intervals in human semen studies
[Abstract}. J Androl 20(suppl 1):50 (1999).

Toppari J, Larsen JC, Christiansen P, Giwercman A,
Grandjean P, Guillette LJ Jr, Jégou B, Jensen TK,
Jouannet P, Keiding N, et al. Male reproductive health
and environmental xenoestrogens. Environ Health
Perspect 104(suppl 4):741-776 (1996).

Acacio BD, Gottfried T, Israel R, Sokol RZ. Evaluation of a
large cohort of men presenting for a screening semen
analysis. Fertil Steril 73:595-597 (2000).

Andersen AG, Jensen TK, Carlsen E, Jorgensen N,
Andersson AM, Drarup T, Keiding N, Skakkebaek NE. High
frequency of sub-optimal semen quality in an unselected
population of young men. Hum Reprod 15:366-372 (2000).
Jensen TK, Vierula M, Henrik N, Hjollund I, Saaranen M,
Scheike T, Saarikoski S, Suominen J, Keiski A, Toppari J,
et al. The Danish First Pregnancy Planner Study Team.
Semen quality among Danish and Finnish men attempt-
ing to conceive. Eur J Endocrinol 142:47-52 (2000).

Fisch H, Goluboff ET, Olson JH, Feldshuh J, Broder SJ,
Barad DH. Semen analyses in 1283 men from the United
States over a 25-year period: no decline in quality. Fertil
Steril 65:1009-1014 (1996).

Carlsen E, Giwercman A, Keiding N, Skakkebaek NE.
Evidence for decreasing quality of semen during past 50
years. Br Med J 305:609-613 (1992).

Auger J, Kunstmann JM, Czyglik F, Jouannet P. Decline
in semen quality among fertile men in Paris during the
past 20 years. N Engl J Med 332:281-285 (1995).
Adamopoulos DA, Pappa A, Nicopoulou S, Andreau E,
Karamertzanis M, Michopoulos J, Deligianni V, Simou M.
Seminal volume and total sperm number trends in men
attending subfertility clinics in the Greater Athens area dur-
ing the period 1977-1993. Hum Reprod 11:2936-1941 (1996).
Kavlock RJ, Daston GP, DeRosa C, Fenner-Crisp P, Gray
LE, Kaatari S, Lucier G, Luster M, Mac MJ, Maczka C, et
al. Research needs for the risk assessment of health and
environmental effects of endocrine disruptors: a report
of the U.S. EPA-sponsored workshop. Environ Health
Perspect 104(suppl 4):715-740 (1996).

Jouannet P, Ducot B, Feneux D, Spira A. Male factors and
the likelihood of pregnancy in infertile couples. I: Study of
sperm characteristics. Intern J Androl 11:379-394 (1988).
Bartoov B, Eltes F, Pansky M, Lederman H, Caspi E,
Soffer Y. Estimating fertility potential via semen analysis
data. Hum Reprod 8:65-70 (1993).

Ayala C, Steinberger E, Smith DP. The influence of
semen analysis parameters on the fertility potential of
infertile couples. J Androl 17:718-725 (1996).

Zinaman MJ, Brown CC, Selevan G, Clegg ED. Semen
quality and human fertility: a prospective study with
healthy couples. J Androl 21:145-153 (2000).

Potts RJ, Newbury CJ, Smith G, Notarianni LJ, Jefferies
TM. Sperm chromatin damage associated with male
smoking. Mutat Res 423:103-111 (1999).

Robbins WA, Rubes J, Selevan SG, Perreault SD. Air pol-
lution and sperm aneuploidy in healthy young men.
Environ Epidemiol Toxicol 1:125-131 (1999).

Rubes J, Lowe X, Moore D, Perreault SD, Slott V, Evenson
D, Selevan S, Wyrobek AJ. Smoking cigarettes is associ-
ated with increased sperm disomy in teenage men. Fertil
Steril 70:715-723 (1998).

voLUME 108 | NumBeR 9 | September 2000 « Environmental Health Perspectives



